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ABSTRACT Retinoic acid receptors (RARs) are hor-
mone-regulated transcription factors that control key aspects
of normal differentiation. Aberrant RAR activity may be a
causal factor in neoplasia. Human acute promyelocytic leu-
kemia, for example, is tightly linked to chromosomal trans-
locations that fuse novel amino acid sequences (denoted PML,
PLZF, and NPM) to the DNA-binding and hormone-binding
domains of RARa. The resulting chimeric receptors have
unique transcriptional properties that may contribute to
leukemogenesis. Normal RARs repress gene transcription by
associating with ancillary factors denoted corepressors (also
referred to as SMRT, N-CoR, TRAC, or RIP13). We report
here that the PML-RARa and PLZF-RAR« oncoproteins
retain the ability of RAR« to associate with corepressors, and
that this corepressor association correlates with certain as-
pects of the leukemic phenotype. Unexpectedly, the PLZF
moiety itself can interact with SMRT corepressor. This inter-
action with corepressor is mediated, in part, by a POZ motif
within PLZF. Given the presence of POZ motifs in a number
of known transcriptional repressors, similar interactions with
SMRT may play a role in transcriptional silencing by a variety
of both receptor and nonreceptor transcription factors.

Retinoids regulate many aspects of vertebrate cell prolifera-
tion and differentiation through receptors that function as
hormone-regulated transcription factors (1-6). Two major
classes of retinoid receptors have been identified: retinoic acid
receptors (RARs) and retinoid X receptors (RXRs) (3-6).
Both RARs and RXRs bind to specific sites on the DNA, and
they can activate or repress expression of adjacent target genes
(1-6). Aberrant RARs appear to play a crucial role in human
acute promyelocytic leukemia (APL) (7-15). In over 95% of all
APL patients, specific chromosomal translocations create ab-
normal RARs by replacing the N terminus of RARa with
novel ORFs. The breakpoint in RAR« is identical in all cases,
whereas the nature of the novel N-terminal sequences can
vary. In the common t(15;17) translocation, the RARa N
terminus is replaced with an ORF denoted PML (for promy-
elocytic leukemia) (7-12). Alternatively, t(11;17) and t(5;17)
translocations result in chimeric proteins denoted PLZF (pro-
myelocytic /eukemia zinc finger)-RARa and NPM (nucleo-
phosmin)-RARGq, respectively (13-15). Although possessing a
number of recognizable structural motifs, including several
prevalent in transcription factors, the PML, PLZF, and NPM-
derived sequences exhibit little structural interrelatedness, and
the functions of these proteins in the normal cell are not fully
understood (reviewed in refs. 16-18).
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The near-invariant association of acute promyelocytic leu-
kemia with the expression of chimeric RARa proteins, and the
ability of retinoids to drive leukemias bearing the PML-RAR«
translocation into differentiation and clinical remission (16—
18), suggest an active role for these chimeras in conferring the
leukemogenic phenotype. Furthermore, ectopic expression of
PML-RAR« in murine or avian systems can lead to leukemia
and hepatocellular carcinoma (e.g., see refs. 19-22). However,
the molecular basis by which these chimeric RARa proteins
contribute to neoplasia is unclear. PML-RAR« and PLZF-
RARa bind to many of the same target DNA sites recognized
by RAR« (14, 23-25). Therefore, the chimeric RARa proteins
may function in leukemias by leading to aberrant regulation of
genes that are targets for RAR« in normal cells. Alternatively,
if PML and PLZF are themselves involved in transcriptional
regulation, the chimeras may aberrantly regulate genes nor-
mally under PML or PLZF control.

In the absence of hormone, RARs (and the closely related
thyroid hormone receptors, T3Rs) act as transcriptional re-
pressors, a process mediated, in part, by the physical associa-
tion of these receptors with ancillary proteins termed core-
pressors (26—33). Addition of hormone converts these recep-
tors into transcriptional activators, a process that correlates
with dissociation of the corepressors from the receptor and a
corresponding recruitment of a novel set of coactivator pro-
teins (26—34). In vertebrates, corepressors are encoded by two
known, interrelated loci, denoted SMRT (or TRAC) and
N-CoR (or RIP13), with each locus expressed as a variety of
alternatively spliced mRNAs (e.g., TRAC-1, TRAC-2,
RIP13A; refs. 26-33). Mutant T3Rs exhibiting aberrant inter-
actions with corepressors display aberrant transcriptional reg-
ulatory properties (26-29, 33). Therefore we asked if the
PML-RARa and PLZF-RARa chimeras exhibited similar
aberrant interactions with corepressors that might contribute
to their oncogenic proclivities. The results of these studies are
reported below.

MATERIALS AND METHODS

In Vitro Receptor/Corepressor Binding Assays. Glutathi-
one S-transferase (GST), and GST-SMRT fusion construc-
tions representing codons 71-769 of TRAC-1 were previously
described (29, 33). Similar GST fusion constructs restricted to
SMRT(TRAC-1) codons 71-394, 406-769, or 611-769 were
created by subcloning of appropriate restriction fragments into
pGEX-KG (33). GST-PLZF fusion proteins representing
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PLZF codons 1-456, 1-120, or 121-456 were generated by use
of synthetic primers and PCR to introduce EcoRI and Xhol
sites flanking the regions of interest and by insertion of the
resulting DNA fragments into the EcoRI and Xhol sites of
pGEX-KG (35, 36). GST-PLZF fusion proteins representing
codons 1-137, 365-456, or 435—-456 were obtained by cleavage
of a PLZF insert in pCR2.1 (Invitrogen) with BamHI-Ncol,
Ncol-Xhol, or Sacl-HindIll, respectively, and insertion of the
resulting fragments into the corresponding restriction sites in
pGEX-KG. GST fusion proteins were expressed in Escherichia
coli and were immobilized on glutathione-agarose as previ-
ously described (29, 33).

3S-radiolabeled PLZF, PLZFAc, PML, RARa, PML-
RARa, PLZF-RARe, and SMRT(TRAC-1) were synthesized
by a coupled in vitro transcription and translation system (TnT
kit, Promega), using appropriate pBluescript- or pSG5-based
plasmids. SMRT-association-defective (“AHT”) mutants of
RARa, PML-RAR«, or PLZF-RARa were generated as
previously described for T3R and RAR (27, 33). The radio-
labeled proteins were incubated with the immobilized GST
fusion proteins in HEMG buffer (29), the agarose matrix was
extensively washed, and the bound proteins were eluted with
glutathione and analyzed by SDS/PAGE (29, 33). The elec-
trophoretograms were visualized by autoradiography and were
quantified either by phosphoimager analysis or by scanning
densitometry.

Mammalian Two-Hybrid Assay. The HindIII fragment of
pACT2 (CLONTECH) was inserted between a linker-
modified EcoRI and BamHI site of pSGS (Stratagene) to
create the pSG5-GAL4AD vector (AD, activation domain).
PLZF-activation domain fusions were first created in pACT2
by subcloning of suitable portions of PLZF (codons 1-456,
1-120, or 121-456) by using synthetic primers and PCR, then
transferring these subclones as Mlul to Xhol fragments into the
pPSGS5-GAL4AD vector (36). pSG5-GAL4AD-T3Ra was con-
structed by inserting the HindIlI fragment from pACT2-T3Ra
into the modified pSG5 HindIll site (29). The pSG5-
GAL4DBD vector (DBD, DNA-binding domain) was created
by transferring the HindIIl to BamHI portion of pGBT9
(CLONTECH) as a blunt-end fragment into the similarly
treated EcoRI and BamHI sites of pSGS. The SMRT
(TRAC-1) codon fusion was constructed by inserting the
EcoRI fragment of pGBT9-SMRT(TRAC-1) into the pSG5-
GALA4DBD vector (29). pSG5-GAL4DBD vectors bearing
subdomains of SMRT(TRAC-1) were created by use of ap-
propriate restriction sites and subcloning.

Transient transfections of CV-1 cells were performed by a
calcium phosphate coprecipitation method. Each 60-mm plate,
representing approximately 3 X 10° cells, was transfected with
500 ng of a pGAL-(17-mer)-Luc reporter (31), 125 ng of the
pSG5-GAL4DBD vector, 500 ng of the pSG5-GAL4AD vec-
tor, 500 ng of a pCH110 vector (Pharmacia) as an internal
B-galactosidase control, and sufficient pUC19 to normalize the
total DNA to 10 ug. Luciferase activity was determined after
46 hr using a luciferase assay kit (Promega) and a TD 20/20
luminometer (Turner Design, Sunnyvale, CA). The relative
light units were normalized to the B-galactosidase activity.

The 5XGAL-B-globin-CAT reporter contains five
GAL4(17-mer) binding sites inserted upstream of a B-globin
promoter/chloramphenicol acetyltransferase construct and
was kindly provided by P. Chambon (Institut Pasteur).
GALA4DBD fusions to full-length PLZF, or to human HP1a
were expressed under the control of the simian virus 40
promoter. Human Chang liver cells (CCL13), maintained in
DMEM with 10% calf serum, were seeded and transfected
using a calcium phosphate procedure similar to that described
for the CV-1 cells. Each plate received 0.5 nug of pCH110, 1.5
png of the SXGAL-B-globin-CAT reporter plasmid, the appro-
priate GAL4DBD-fusion plasmid as indicated, and sufficient
pSGS plasmid to bring the total DNA to 7.5 ug. Cell lysates
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were prepared 48 hr later by freeze—thaw in 250 mM Tris"HCl
(pH 7.8). CAT activity, relative to B-galactosidase, was deter-
mined.

RESULTS

PML-RAR« and PLZF-RAR« Retain the Ability to Bind to
SMRT Corepressor in Vitro. The chromosomal breakpoints
that generate the PML-RAR«@ and PLZF-RAR« chimeras
preserve intact the receptor-derived D and E domains that
mediate binding of SMRT and N-CoR corepressors to the
wild-type RARs (Fig. 1). To test if the chimeric RAR onco-
proteins retained the ability to interact with corepressors, we
employed an in vitro binding assay (29, 33). An immobilized
GST derivative of SMRT (GST-SMRT) was incubated with
35S-radiolabeled receptor. Any receptor binding to the GST-
SMRT matrix was subsequently eluted and analyzed by SDS/
PAGE and autoradiography. Consistent with previous obser-
vations for RARB (29), RARa readily bound to GST-SMRT
in the absence of hormone, but not to a nonrecombinant GST
employed as a negative control (Fig. 24). Also consistent with
previous work (26-33), addition of all-trans-retinoic acid to the
binding assay led to a progressive release of RARa from the
GST-SMRT matrix, with a 50% release observed at approxi-
mately 25 nM all-frans-retinoic acid (Fig. 24, quantified in Fig.
2B). In contrast, no significant release of RARa from GST-
SMRT was observed with ethanol carrier alone (Fig. 2B) or
with comparable concentrations of retinoids that are not
high-affinity ligands for RARe, such as all-trans-retinal, 9-cis-
retinal, or all-frans-retinol (data not shown).

In common with RARa, both PML-RAR«a and PLZF-
RARa also strongly bind to GST-SMRT, but not to nonre-
combinant GST, and the binding of the chimeric RARs to
corepressor was destabilized by all-frans-retinoic acid, but not
by ethanol alone (Fig. 2 A and B) or by noncognate ligands
(data not shown). An “N-CoR box” sequence motif in the
receptor has been implicated in the ability of RARs to interact
with corepressors (Fig. 1 and refs. 26-33). Indeed, mutation of
the conserved N-CoR box sequence (AHT mutants) severely
disrupted the ability of RARa, PML-RARq, and PLZF-
RARGa to bind to SMRT in vitro (Fig. 2C). We conclude that
both PML-RAR« and PLZF-RAR« retain the ability to bind
SMRT corepressor, and that hormone destabilizes this inter-
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F1G. 1. Schematic representations of the RAR«, PML, PML-
RARa, PLZF, and PLZF-R AR« proteins. Proteins are depicted from
N to C terminus. Sequences derived from RARa are subdivided into
domains A to F, as previously described, with the receptor regions
involved in DNA and hormone binding indicated above the schematic,
and the receptor N-CoR box, necessary for corepressor association,
indicated below (1-6). Putative structural motifs identified within
PML or PLZF-derived sequences include a cysteine-rich RING fin-
ger/B-box motif (Cys), an a-helical/coiled-coil domain (a-helices), a
POZ domain (37), and zinc-finger motifs (Z). Codon positions within
PLZF are numbered from the N terminus.
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FiG. 2. Binding of RAR«, PML-RAR«, and PLZF-RAR«a to
GST-SMRT corepressor. (4) Binding of RAR« derivatives to core-
pressor in vitro. Radiolabeled receptors, synthesized in vitro, were
incubated with immobilized GST, or with immobilized GST-
SMRT(TRAC-1), over a range of all-frans-retinoic acid concentra-
tions, or with ethanol carrier alone, as indicated above the lanes.
Receptors bound to the immobilized GST derivatives were eluted and
were subsequently analyzed by SDS/PAGE and autoradiography. (B)
Quantitation of the SMRT in vitro binding assay. The amount of each
receptor derivative bound to GST (©) or to GST-SMRT(TRAC-1) (@)
under different all-trans-retinoic acid concentrations was analyzed as
in A and quantified. Receptor binding in the absence of hormone was
defined as 100%. (C) Comparison of SMRT binding by wild-type
receptor versus mutant receptors bearing defects in corepressor
association. Receptor binding to GST-SMRT(TRAC-1) was deter-
mined as in A4 and was quantified as the percentage of the input
radiolabel. All determinations were in the absence of hormone.
Binding of wild-type RARa, PML-RAR«, and PLZF-RARa to
corepressor (solid bars) was compared with that of equivalent recep-
tors bearing N-CoR box mutations (AHT mutants; hatched bars).

action for the chimeric receptors with dynamics comparable to,
although not identical with, dynamics for RARa. Further-
more, the principal SMRT/receptor interaction domain in the
chimeric receptors, as determined by in vitro binding assay,
appears to be the same as that previously elucidated for
RARa.

The PLZF Domain Possesses an Autonomous Ability to
Bind to SMRT Corepressor in Vitro. The primary interaction
between SMRT and the chimeric RARSs in vitro appeared to
be through the same receptor-derived, D and E domain
determinants as in the wild-type RARa. However, close
inspection revealed a residual binding to the GST-SMRT
matrix that was not abrogated by even very high concentrations
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Fic. 3. Binding of PLZF and PLZF derivatives to SMRT core-
pressor. (4) Residual SMRT binding by PLZF-RAR« at high hor-
mone concentrations. The ability of radiolabeled PLZF-R AR« to bind
to GST or to GST-SMRT(TRAC-1) was determined as in Fig. 24, but
in the absence (—) or presence (+) of 40 uM all-trans-retinoic acid, as
indicated above the lanes. An aliquot of the in vitro translation
products used in the binding assay was analyzed in the input lane. (B)
Binding of the PLZF moiety by SMRT corepressor. Radiolabeled
SMRT(TRAC-1) was incubated with immobilized GST, or with
GST-PLZFAc (codons 1-456 of PLZF), using HEMG buffer contain-
ing the KCI concentrations indicated. Radiolabeled SMRT(TRAC-1)
remaining bound to the matrix after extensive washing was eluted and
analyzed by SDS/PAGE and autoradiography as in Fig. 24. (C)
Binding of full-length PLZF, but not PML, to SMRT corepressor.
Radiolabeled full-length PLZF or PML was incubated with immobi-
lized GST or with immobilized GST-SMRT(TRAC-1), in HEMG
buffer containing 100 mM KClI and lacking (—) or containing (+) 5
uM all-trans-retinoic acid, as indicated. Proteins bound to the immo-
bilized matrices were subsequently eluted and analyzed by SDS/PAGE
and autoradiography. (D) Mapping of domains of PLZF able to confer
SMRT binding in vitro. The ability of radiolabeled SMRT(TRAC-1)
to bind to GST fusions containing different portions of PLZF was
tested using the protocol described for B; the results were quantified
by phosphoimager analysis and are expressed as arbitrary units. (E)
Mapping of domains of SMRT(TRAC-1) capable of binding to PLZF.
The same protocol as in C was employed, but using GST fusions
bearing the different domains of SMRT(TRAC-1) indicated. Codons
are indicated using the TRAC-1 numbering system (codon 769 of
TRAC-1 is equivalent to codon 1495 of SMRT(TRAC-2)).

of hormone (Figs. 24 and 34). Unexpectedly, one component
of this residual, hormone-resistant interaction between SMRT
and PLZF-R AR« mapped to the PLZF portion of the chimera
(GST-PLZF-Ac in Fig. 3B) and was also observed for the
full-length (i.e., nontranslocated) PLZF protein (Fig. 3C).
These SMRT/PLZF interactions were detectable by using
either the GST-SMRT construct and a radiolabeled PLZF
derivative (Fig. 3C), or reciprocally, a GST-PLZF construct
and a radiolabeled SMRT derivative (Fig. 3B and data not
shown). Although the in vitro interaction between PLZF and
SMRT was relatively weak compared with that observed
between RARa and SMRT, this binding of PLZF to SMRT
was nonetheless highly reproducible, was detectable over a
variety of buffer conditions, and was not observed for nonre-
combinant GST constructs employed as negative controls (Fig.
3 B and C). Also of note, the PML gene product exhibited little
or no binding to SMRT in parallel assays (Fig. 3C). We
conclude that PLZF-RARa possesses at least two distinct
corepressor binding domains, a C-terminal, hormone-labile,
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SMRT-interaction domain shared with RARa and PML-
RARa and a separate, hormone-insensitive, SMRT interac-
tion domain mapping to the PLZF domain itself.

The POZ Domain in PLZF Is Sufficient to Mediate an
Interaction with SMRT ir Vitro. A number of amino acid
motifs have been identified within the Kriippel-like PLZF
polypeptide that mediate protein—protein or protein—-DNA
interactions in other protein contexts. These include the
N-terminal POZ domain and two internal zinc-finger motifs
(Fig. 1 and refs. 37-39). PLZF constructs encompassing just
the POZ domain, expressed as either codons 1-120 or codons
1-137, were sufficient to confer interaction with SMRT in vitro
(Fig. 3D). In contrast, constructs encompassing the remainder
of the PLZF sequence in PLZF-RAR« (codons 121-456) or
subsets of this sequence representing one or both zinc-finger
motifs (codons 365-456, 435-456) interacted much more
weakly, or not at all, with SMRT in vitro (Fig. 3D). We suggest
that the POZ domain is likely the principal mediator of the
PLZF/SMRT interaction observed in vitro, although addi-
tional PLZF domains may play contributory roles.

Conversely, at least two distinct domains within SMRT
appeared to mediate the corepressor’s interaction with PLZF
in vitro (Fig. 3E). One PLZF-interaction domain mapped to
the same SMRT C-terminal domain involved in binding SMRT
to nuclear hormone receptors (29), as seen with constructs
representing SMRT(TRAC-1) codons 406-769 or 611-769
(Fig. 3E). In addition, however, codons 71-394 of SMRT
(TRAC-1) were also able to bind to PLZF in vitro (Fig. 3E);
these more N-terminal SMRT determinants do not bind
nuclear hormone receptors (29), suggesting that PLZF binding
by SMRT may involve multiple contacts, including novel
SMRT determinants not involved in interactions with the
nuclear hormone receptors.

A Strong PLZF Interaction with SMRT Is Observed in Vivo.
We next tested if the PLZF/SMRT interaction could be
detected in vivo. Employing a Saccharomyces cerevisiae two-
hybrid system (29), we could detect a consistent, but low-level,
activation of a Gal4-responsive B-galactosidase reporter when
a GAL4DBD fusion of SMRT was coexpressed with a
GALA4AD fusion of PLZF (data not shown). Notably, how-
ever, the interaction between SMRT and PLZF in the yeast
two-hybrid assay, as in vitro, was extremely weak. We reasoned
that these very modest interactions between PLZF and SMRT
might be enhanced if assayed in a more physiological context.
Therefore we next tested the ability of PLZF and SMRT to
interact in a mammalian two-hybrid system. Indeed, a very
strong activation of a luciferase reporter containing GAL4
(17-mer) binding sites was observed when a GAL4DBD-
SMRT fusion was coexpressed in CV-1 monkey cells with a
PLZF-AD fusion (Fig. 44). This SMRT/PLZF interaction in
the mammalian two-hybrid assay was now comparable in
magnitude to the interaction observed between SMRT and
T3Rs when tested in the same context (Fig. 44). In contrast,
negative controls, representing DBD or AD vectors lacking
SMRT or PLZF sequences, conferred little or no stimulation
of the luciferase reporter (Fig. 44).

Paralleling our in vitro binding data, both the N-terminal
(e.g., codons 71-395) and the C-terminal (e.g., codons 611-
769) domains of SMRT(TRAC-1) could independently inter-
act with PLZF in the mammalian two-hybrid assay, with a
SMRT(TRAC-1) construct containing both N- and C-
terminal domains (codons 71-769) exhibiting an additive
response (Fig. 44). Also consistent with our in vitro data, a
portion of PLZF limited to the POZ domain (codons 1-120)
displayed a detectable interaction with certain of the SMRT
constructs in the mammalian two-hybrid assay (Fig. 4B).
Notably, however, this POZ-domain/SMRT interaction in the
mammalian two-hybrid assay was weak, and it was only one
component of the much stronger interaction observed with
SMRT when a codon 1-456 version of PLZF was tested (Fig.
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Fi16. 4. Mammalian two-hybrid analysis of the PLZF interaction
with SMRT. (4) Two-hybrid interaction mediated by PLZFAc. Dif-
ferent portions of SMRT(TRAC-1) fused to a GAL4DBD, or the
GALA4DBD alone, were employed as indicated below the bars, using
the numbering system in Fig. 3E. The GAL4AD alone (AD; vertical
stripes), the AD fused to PLZF codons 1-456 (AD-PLZF; filled bars),
or the AD fused to the D to F domains of avian T3Ra (AD-T3R;
hatched bars) was then coexpressed with the DBD derivatives by
transfections of CV-1 cells. The activity of a cointroduced GAL4(17-
mer)/tk-luciferase reporter was determined, relative to a cytomega-
lovirus (CMV) lacZ construct employed as an internal control. (B)
Two-hybrid interaction mediated by subdomains of PLZF. Activation
domain fusions of PLZF codons 1-456 (filled bars), of PLZF codons
1-120 (stippled bars), or PLZF codons 121-456 (empty bars) were
tested in the same two-hybrid protocol as in A4, using the DBD-SMRT
construct indicated.

4A4). We suggest that the PLZF/SMRT interaction in vitro is
mediated primarily by POZ/SMRT contacts, but this interac-
tion in vivo may be further enhanced by additional proteins
binding to the non-POZ domains of PLZF.

PLZF Can Function as a Transcriptional Repressor. Is the
ability of PLZF to interact with corepressor manifested as an
ability to repress transcription? No authentic DNA-binding
sites have been isolated so far for PLZF, so we created a
GAL4DBD-PLZF fusion, and tested the ability of this fusion
protein to repress basal transcription from a promoter con-
taining five GAL4(17-mer) binding sites and driving a reporter
gene. The GAL4ADBD-PLZF construct functioned as a potent
dose-dependent repressor under these conditions, equivalent
in strength to a GAL4DBD construct of HP-1a, a known
transcriptional repressor (40) (Fig. 54). In contrast, an empty
GAL4DBD construct employed as a negative control had no
effect on reporter gene expression (Fig. 54). Notably, a GAL4
fusion limited to PLZF amino acids 1-456 (the domain found
in PLZF-RARG) also exhibited strong transcriptional silenc-
ing properties (Fig. 5B), indicating that the PLZF sequences
within PLZF-RARa are sufficient to mediate transcriptional
repression. Repression by the GAL4DBD-PLZF constructs
was detectable in a variety of experimental contexts, employ-
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Fi6.5. Transcriptional repression by GAL4-PLZF fusion proteins.
(4) Repression by GAL4DBD-PLZF. Chang liver cells were trans-
fected with a 5XGAL-B-globin-CAT reporter, a pCH110 internal
standard, and 0.5 or 2.5 ug per plate of the GAL4DBD fusion vectors
indicated. CAT activity was determined as percentage of chloram-
phenicol converted to acetylated form, normalized to the internal
B-galactosidase standard. Values represent the averages of two inde-
pendent transfections; no significant differences were observed be-
tween duplicate experiments. (B) Repression by a GAL4ADBD-PLZF
construct restricted to PLZF amino acids 1-456. From 0 to 0.25 ug per
plate of a GAL4DBD fusion vector representing amino acids 1-456 of
PLZF (GAL4DBD-PLZFAc) was introduced into CV-1 cells, together
with 1 pg of the pGAL4(17-mer)-Luc reporter. The resulting lucif-
erase activity, relative to a p-galactosidase internal control, was
determined as described for the two-hybrid system; the average and
range obtained from duplicate experiments are presented.

ing a range of promoters, reporter genes, and cell types (Fig.
5 and data not shown).

DISCUSSION

Both PML-RAR« and PLZF-RAR« Retain the Ability of
RAR« to Associate with the SMRT/TRAC Family of Core-
pressors. The transcriptional properties of nuclear hormone
receptors are mediated, in part, by the ability of these receptors
to physically associate with corepressors and coactivators.
Corepressors physically bind to T3Rs and RARs in the absence
of hormone, a context in which these receptors typically
repress. Addition of hormone leads to release of the corepres-
sor, the association of coactivators, and conversion of the
receptor to a positive enhancer of transcription (26-34). Given
the central role of corepressors in the actions of the normal
RARs, we examined the role of these cofactors in the actions
of the PML-RAR« and PLZF-R AR« oncoproteins. Indeed,
both of these chimeric proteins retained the ability of the
wild-type RAR« to bind to the SMRT corepressor in vitro.
Also in common with the wild-type RARe, the association of
PML-RARa and PLZF-RAR« with corepressor in vitro was
disrupted by addition of all-trans-retinoic acid. The hormone
concentrations necessary for 50% inhibition of SMRT binding
were very similar for all three receptor derivatives, consistent
with the near equal hormone-binding affinities previously
reported for RAR«a, PML-RARa, and PLZF-RARa (37).
This hormone-labile association of PML-RAR« and PLZF-
RARawith SMRT appeared to be mediated through the same
receptor determinants as previously mapped in RARg, and it
was similarly impaired by mutation of a conserved AH--T
amino acid motif in the RARa N-CoR box.

PLZF Possesses an Autonomous and Hormone-Indepen-
dent Ability to Interact with SMRT Corepressor. In addition
to the hormone-labile interaction domain within the RAR«
moiety, the PLZF-R AR« chimera also possessed an unantic-
ipated SMRT-association domain mapping within the PLZF
sequences. Notably, the full-length PLZF gene product (en-
coded by a nontranslocated chromosome 11) also interacts
with SMRT corepressor, whereas the full-length PML gene
product exhibits little or no SMRT interaction. The PLZF
interaction with SMRT observed in vitro was only a fraction of
the much stronger SMRT interaction mediated by the RAR«
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determinants under similar conditions. However, the interac-
tion of PLZF with SMRT was greatly enhanced when assayed
by a mammalian two-hybrid method, reaching a level compa-
rable to the interaction detected between nuclear hormone
receptors and SMRT in the same two-hybrid system. Notably,
the SMRT protein itself is just one component of a larger
multiprotein corepressor complex that includes mSin3, histone
deacetylases, and other polypeptides (refs. 41 and 42 and
references therein). Therefore, we suggest that, in vertebrate
cells, PLZF makes multiple contacts with other members of
this corepressor complex in addition to SMRT, and only a
small part of this overall interaction is recapitulated when
purified SMRT protein is used in vitro.

What role might corepressor association play in the function
of the untranslocated PLZF protein in the normal cell?
Unfortunately, the precise role of PLZF remains unclear.
PLZF is a Kriippel-like nuclear protein which is likely involved
in central nervous system development (13, 14, 25, 37, 39).
Although no physiologically relevant DNA-binding sites or
target genes have yet been reported for PLZF, many features
of PLZF are shared with known transcription factors; it is
therefore possible that PLZF is indeed a transcription factor
and can regulate gene expression by tethering directly or
indirectly (through an intermediary protein) to DNA. Consis-
tent with this proposal, a GAL4DBD fusion of PLZF was a
strong transcriptional repressor when tested on promoters
containing GAL4 binding sites.

It is provocative that the POZ domain in PLZF is capable of
mediating at least some component of the SMRT interaction.
Consistent with the studies we present here, deletion of the
POZ domain significantly inhibits the dominant-negative tran-
scriptional properties of the PLZF-RARa chimera (37). Fur-
thermore, POZ domains are found in a variety of known
transcription factors that can function as repressors, such as the
Bcl-6 oncoprotein (43-45). The POZ domain plays an impor-
tant role in Bcl-6 repression (44, 45). It is tempting to speculate
that gene silencing by Bcl-6, like that of RAR, is mediated by
interaction with the SMRT/N-CoR family of corepressors, and
that SMRT and N-CoR, presumably complexed with addi-
tional proteins, serve to mediate repression by a broad variety
of nonreceptor transcription factors (refs. 41 and 42 and
references therein).

Corepressor Association by PML-RAR«a and PLZF-RAR«
Correlates with the Hormone Responsiveness Displayed by the
Corresponding Leukemias. Leukemic cells bearing the
t(15;17) PML-RARa translocation differentiate into mature
granulocytes when treated with all-frans-retinoic acid, an
important basis of the clinical management of this disease
(16-18). In contrast, leukemic cells bearing the t(11;15) PLZF-
RARuw translocation are resistant to all-trans-retinoic acid
treatment, remaining in an immature proliferative state and
refractory to hormone therapy (46). It is therefore intriguing
that PML-RAR« exhibits a hormone-labile interaction with
corepressor, whereas the PLZF-RARa interaction with
SMRT is apparently further stabilized by the additional,
hormone-refractory domain in PLZF. This correlation be-
tween SMRT association and leukemogenesis may be purely
coincidental. Alternatively, PML-RAR«a and PLZF-RAR«
may indeed contribute to leukemogenesis by associating with
SMRT and repressing the expression of specific genes. These
target genes may include those normally regulated by RARe,
or, due to changes in the DNA-recognition properties of
PML-RARa and PLZF-RARGa, the targets of PML-RARa or
PLZF-RARa repression may be distinct from normal RAR«
target genes. More speculatively, if PLZF and PML are
transcriptional regulators in their own right, then the RAR
chimeric forms of these proteins may act by repressing tran-
scription of PLZF or PML target genes.

It is clear that the molecular biology of acute promyelocytic
leukemia is extremely complex and that the chimeric RARs
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may play more than one role. These actions may include
subversion or mimicry of the actions of the untranslocated
PML/PLZF proteins, and interference with the actions of
RARs, retinoid X receptors, or nonretinoid nuclear hormone
receptors present in the same cells. Corepressors may poten-
tially have a function in any or all of these aspects. Clearly,
additional work will be necessary to address the potential roles
of SMRT in acute promyelocytic leukemia, including use of
PML-RARa and PLZF-RARa constructs with altered core-
pressor association properties in animal models of human
acute promyelocytic leukemia.

Note Added in Proof. It is worth noting that PLZF also interacts with
the TRAC-2 related N-CoR protein (A. Zelent and F. Guidez,
personal communication).
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